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medium. J. Bacteriol. 84:86-94. 1962 .-A synthetic medium which supports spore germination, vegetative cell multiplication, toxin production, and sporulation of Clostridium botulinum strain 62A is described. Arginine has been shown to play an important role in sporulation. Experiments involving the substitution of citrulline and ornithine for arginine, together with amino acid analyses of culture supernatant fluids and cells, indicate that most of the arginine is broken down by a dihydrolase enzyme system through citrulline to ornithine. The second step in this reaction series, the degradation of citrulline, appears to be essential to sporulation. The absence of citrulline or ornithine in either growing cells or spores suggests that another product of the arginine dihydrolase system, adenosine triphosphate, may be responsible for the observed stimulation of sporulation.
Liquid media prepared from dehydrated peptones are satisfactory for the production of stable, clean spores of Clostridium botulinum (Tsuji and Perkins, 1962) , but being neither defined nor constant in composition (Lund, 1957) are unsuitable for studies on the physiology of growth and sporulation.
Various investigators have reported growth of C. botulinum or related clostridia in mixtures of amino acids, salts, vitamins, and, usually, glucose (Burrows, 1933; Elberg and Meyer, 1939; Roessler and Brewer, 1946; Shull, Thoma, and Peterson, 1949; Williams and Blair, 1950; Mager, Kindler, and Grossowicz, 1954; Campbell and Frank, 1956) , and in one such medium (Williams and Blair, 1950) sporulation was recorded. Prior to this study, therefore, these formulations were evaluated.
Irregular growth of C. botulinum 62A and no sporulation occurred when a synthetic mixture similar to the medium described by Williams and Blair (1950) was employed. Excellent growth was ultimately obtained in a more complex synthetic medium containing, with the exception of lysine, the same amino acids present in casein (Block and Weiss, 1956 ) together with glucose, the salt mixture employed by Shull et al. (1949) and Mager et al. (1954) , and the vitamins found essential by the latter authors for the growth of C. botulinum type A. The amino acid concentrations were, in most cases, similar to those of Mager et al. (1954) . This medium, designated NCA S-1, would not, however, support sporulation until the arginine concentration was increased to a level approximately double that employed by Shull et al. (1949) and Mager et al. (1954) . This paper deals with experiments conducted to determine the optimal arginine concentration for sporulation in this synthetic medium, and with investigations into the possible role of this amino acid and its breakdown products in sporogenesis.
MATERIALS AND METHODS
Cultures. The organism used in these investigations is designated as C. botulinum strain 62A (from the collection of Karl F. Meyer, G. W. Hooper Foundation for Medical Research). The spores used as primary inocula were prepared in polypeptone broth (5%) and harvested and washed by techniques employed by Tsuji and Perkins (1962) . Deionized distilled water was used for the last three washes and for final suspension.
Mlaterials. All glassware used was either Pyrex 86 or Kimax brand and was cleaned by boiling in a "Tide" detergent solution and soaking in a chromic-sulfuric acid solution. Cleaning was followed by ten rinses in distilled water and finally by a deionized distilled water rinse. The water used for rinsing glassware and for the preparation of all synthetic media was deionized to a conductivity of 1.14 X 106 ohms by passage through freshly activated Dowex 50 WX-8 and Dowex 1-X8 columns.
The composition of the synthetic base medium used in these experiments is given in Table 1 . The purity of all amino acids used was tested chromatographically, and only those found to be chromatographically homogeneous were used. Modifications of this medium, in which the arginine concentration was increased, are designated NCA S-2, NCA S-3, etc., the terminal number indicating the multiple by which the concentration of arginine exceeded that in the NCA S-1 medium. Media in which citrulline or ornithine (both obtained from the California Corp. for Biochemical Research) was substituted for arginine were designated NCA-C and NCA-O, respectively.
All media were prepared in 10-ml quantities and autoclaved in culture tubes (16 by 150 mm) at 121 C for 15 min. Glucose was added aseptically from a membrane-filtered (Millipore Filter Corp.; type Ha filter) solution. The sterile media were aseptically pipetted into the anaerobic culture apparatus in 3.9-ml amounts.
Anaerobic culture apparatus. Figure 1 presents a schematic diagram of the culture apparatus used. It consisted of a growth flask (A) constructed from 15-mm Pyrex glass tubing and connected by a cotton-plugged 9-mm side arm fitted with a no. 0 rubber stopper (II) to a test tube (16 by 40 mm). The neck of the growth flask (1) was temporarily plugged with cotton and the apparatus was autoclaved at 121 C for 20 min. After sterilization, 3.9 ml of culture medium were aseptically pipetted into the growth flask A and a M6-in. rubber sleeve serum bottle stopper was substituted for the cotton plug in position I.
Anaerobic conditions were produced in flask A immediately after the introduction of medium by attaching a test tube (16 by 150 mm) containing 1.0 g of pyrogallic acid and 1.0 ml of 20% Na2CO3 to position II. All inoculations and transfers were made through the serum stopper with a hypodermic syringe fitted with a 22-gauge needle. Germination and growth. Germination and outgrowth of washed spores from the primary suspension produced in polypeptone (5%) were obtained in the NCA S-1 medium as follows. A 5-ml portion of this stock suspension, previously diluted with deionized distilled water to result in a viable spore count of 2.0 X 108 spores per ml, was heat activated at 82.5 C for 10 min; 0.1 ml was then inoculated into 3.9 ml of NCA S-1 medium in the anaerobic culture device and incubated at 30 C. After spore germination, outgrowth, and several generations of vegetative cell division (approximately 24 hr), 0.1 ml of the gtowing culture was transferred to 3.9 ml of fresh anaerobic NCA S-1 broth and incubated for 6 hr at 30 C.
Sporulation. After 6 hr of incubation of the culture resulting from the second transfer, a :final inoculation of 0.1 ml of growing culture into 3.9 rnl of synthetic sporulation medium was made and sporulation was allowed to proceed at 30 C. When a medium containing no arginine was under investigation, the final inoculation into the sporulation medium was preceded by an additional 6-hr incubation of growing cells in NCA S-1 medium from which arginine had been omitted. The degree of sporulation in the various synthetic media was estimated microscopically by counting at least 300 cells and refractile spores using a dark-contrast phase microscope. The production of mature spores in all media was confirmed by viable counts of suspensions heated at 82.5 C for 10 min.
The thermal resistance of a spore suspension prepared in NCA S-5 medium (67.0 ,umoles arginine per ml) was measured in 0.03 M phosphate buffer using techniques previously described (Tsuji and Perkins, 1962) . The D15.5 value of these spores was 0.23 min.
Amino acid analysis. The free amino acid composition of cell-free supernatant fluids of the synthetic media before and after growth was determined by ion-exchange chromatography using an automatic apparatus similar to that of Spackman, Stein, and Moore (1958) as modified by Piez and Morris (1960) . This technique permits the measurement of ninhydrin-positive constituents in the effluent from a chromatographic column in amounts of 0.1 to 3.0 ,umoles with a precision of 100 + 3%. Amounts as small as 0.01 ,umole can be analyzed with a precision of about 100 i 10% (Piez and Morris, 1960) . A 1-ml amount of medium was deproteinized with trichloroacetic acid (5%), made to a volume of 10 ml with 0.25 N citrate buffer (pH 2.91), and centrifuged at 10,000 X g for 10 min at 5 C in an SS-1 Servall centrifuge. The clear supernatant fluid was removed and frozen until analysis. Spore and vegetative-cell suspensions were hydrolyzed and their amino acid composition determined by techniques described earlier (Tsuji and Perkins, 1962) .
Toxin production. Cultures to be tested for the presence of toxin were centrifuged for 1.5 hr at 1,000 X g. Two 20-g Webster-Swiss white mice were injected intraperitoneally with 0.3 ml of the supernatant fluid.
The immunological specificity of the toxin was determined by passive immunization.
RESULTS
Effect of arginine concentration on sporulation.
Germination of C. botulinum 62A spores and vigorous vegetative-cell growth was obtained in NCA S-1 medium but maximal growth was followed by lysis rather than sporulation. If the arginine concentration of this medium was doubled, however, 30% of the cells were observed to form mature refractile spores (Fig. 2) . Further increases in arginine resulted in additional sporogenesis which reached a maximum in a medium containing 67 MAmoles of arginine per ml (NCA S-5). Further increases in arginine concentration beyond this level resulted in a gradual decrease in the number of vegetative cells forming spores.
Effect of products of arginine dihydrolase system on growth and sporulation. It has been reported that the clostridia contain a very active arginine dihydrolase system (Schmidt, Logan, and Tytell, 1952; Oginsky, 1955) which converts arginine through citrulline to ornithine. Therefore, experiments were conducted to determine whether this was the mechanism of breakdown of arginine by C. botulinum cells.
If citrulline is an intermediate in the degradation of arginine, the test organism should break down citrulline. This was found to be the case. The replacement of arginine by 60 ;umoles of citrulline (NCA-C medium) resulted in abundant vegetative-cell growth and, ultimately, in the production of mature spores by 3 to 5% of the cells (Table 2 ). Contrary to the findings of Kindler and Mager (1956) , ornithine (NCA-O medium) would also support the growth of C. botulinum. No sporulation was observed in this medium in which arginine was replaced by 70,umoles of ornithine. The test organism did not grow when urea or creatine was substituted for arginine in the otherwise completely synthetic medium. Neither urea nor creatine was detected by ion-exchange chromatography in any of the defined media employed at any stage of growth. Metabolism of arginine, citrulline, and ornithine.
Deproteinized, cell-free filtrates of the NCA S-7 medium were analyzed at intervals during growth and sporulation by ion-exchange chromatography.
Results confirmed the citrulline substitution experiment.
The large quantity of arginine initially present I was consumed rapidly and free citrulline and ornithine concomitantly appeared, indicating a transformation of arginine to citrulline, followed by an incomplete conversion of the latter to ornithine (Fig. 3) . The slow rate of appearance of citrulline in the medium as compared with the rate of arginine consumption may be the result of the slow penetration of citrulline through intact bacterial cells (Oginsky, 1955) . The incomplete conversion of citrulline to ornithine suggests that the citrullinase of C. botulinum is, like that of Pseudomonas ae?uginosa (Oginsky, 1955) , competitively inhibited by the end product, ornithine. It is evident from analyses of C. botulinum vegetative cells grown in an arginine-free defined medium that this organism possesses argininesynthesizing enzymes (Table 3) . Quantitative arginine-citrulline-ornithine balance sheet data cannot, therefore, be obtained with whole cells in a complete medium. However, it is apparent, from the data presented in Fig. 3 , that nearly all of the arginine consumed by the test organism could be accounted for on a molar basis as citrulline and ornithine.
The onset of sporulation in NCA S-7 medium coincided with the conclusion of rapid arginine consumption. The first sporangia were observed at the end of 2 days of incubation (Table 2) , at which time the free arginine concentration in the medium had been reduced from 90.3 to 6.7 ,umoles.
Deproteinized cell-free filtrates of NCA S-1 medium, which contained sufficient arginine for vegetative-cell growth but not sporulation, NCA-C medium (citrulline substituted for arginine), and NCA-O medium (ornithine substituted for arginine) were analyzed by ionexchange chromatography at intervals by the same technique as the NCA S-7 filtrates. Arginine was completely consumed in NCA S-1 medium (Fig. 4) , but the molar ratio of citrulline and ornithine to original arginine in the medium was less, suggesting the incorporation of proportionately more arginine into cell proteins. The conversion of a higher proportion of citrulline to ornithine by the test organism in this medium than in the NCA S-7 medium may be a reflection of the lower maximal pH attained in the former (Table 2) . Schmidt et al. (1952) reported that pH is an important variable in the attack on citrulline by washed-cell suspensions of C. perfringens. Significant degradation of citrulline to ornithine by these suspension was detected by these workers at pH 5.5 and 6.3, but virtually none at pH 7.2.
In the NCA-C medium, only 10 ,umoles of the original 60 ,umoles of citrulline disappeared during growth and sporulation. At the end of 5 days of incubation, 1.5 ,umoles of free ornithine were detected in the medium, and 3.2 ,moles were found at the end of 7 days. Arginine was not detected in the supernatant fluid at any stage of cultural growth.
In NCA-O medium, 10.5 ,umoles of ornithine disappeared during 7 days of growth. Neither citrulline nor arginine was detected in the supernatant fluid of cultures grown in this medium at any stage of growth.
Amino acid composition of vegetative cells. Hydrolyzates of washed vegetative cells of C. botulinum 62A, harvested during the logarithmicgrowth phase from NCA S-7 and NCA-O media, were analyzed by ion-exchange chromatography (Table 3) Knivett (1953) and , later, Oginsky and Gehrig (1953) and Slade, Doughty, and Slamp (1954) established with extracts of S. faecalis and a Pseudomonas species, respectively, that the second step of the arginine dihydrolase reaction series, the breakdown of citrulline by citrullinase, results, together with the production of ornithine, NH3, and C02, in the esterification of inorganic phosphate in high-energy phosphate, adenosine triphosphate (ATP).
Evidence presented here shows that arginine is also metabolized through citrulline to ornithine by growing cells of C. botulinum. Since C. botulinum appears to possess an arginine dihydrolase system similar to that of the streptococci and pseudomonads, it is reasonable to assume that it is also capable of generating high-energy phosphate during the citrulline-ornithine step.
When C. botulinum cells were grown in a complete but asporogenic synthetic medium containing 13.4 ,umoles of arginine per ml, free arginine completely disappeared after 2 to 3 days of incubation. In an otherwise identical, sporogenic medium containing seven times this concentration, virtually all of the arginine was consumed at a similar rate. This unusually large capacity for arginine does not seem to be a function of an increased rate of growth. The cell concentrations in both of these media were comparable during the period of maximal arginine consumption (Table 2 ). Nor does it appear to reflect the incorporation of more arginine into the individual cells. The amount of arginine present in C. botulinum spores (Tsuji and Perkins, 1962) and in cells growing in the presence of high concentrations of arginine or in the absence of arginine (Table 3) is of the same order. Nearly all of the arginine consumed by C. botulinum cells in a synthetic, sporogenic medium can be accounted for as free citrulline and ornithine in the medium, and neither is a component of the spore protein (Tsuji and Perkins, 1962) nor of the vegetative cell protein (Table 3) . It can be reasonably concluded, then, that the requirement of substantially larger quantities of arginine for maximal sporulation than for maximal growth in a complete synthetic medium is neither the result of greater requirement of this amino acid per se nor for the amino acid products of its breakdown.
The esterification of inorganic phosphate which accompanies the breakdown of citrulline may account for the sporogenic effect of arginine and citrulline, since ATP could furnish a significant amount of energy for the syntheses leading to sporulation.
Evidence obtained in amino acid-replacement experiments indicates that sporulation of C. botulinum cells can proceed in a complete synthetic medium in the presence of the citrullinase substrate, but not when ornithine is substituted for arginine. In the latter medium, no citrulline was ever detected.
